On the occasion of his retirement, this paper is dedicated to Professor Keiji Harashima who accomplished an epoch-making contribution to the research field of aerobic photosynthetic bacteria.
Aerobic photosynthetic bacteria such as Roseobacter denitrificans grow chemoheterotrophically under aerobic dark conditions; however, unlike purple nonsulfur bacteria such as Rhodobacter sphaeroides and Rhodobacter capsulatus, aerobic photosynthetic bacteria do not grow phototrophically under anaerobic conditions (Shiba and Simidu, 1982) . Nevertheless, Ros. denitrificans forms almost the same photosynthetic apparatus as those of purple nonsulfur bacteria even under highly aerobic conditions in darkness (Harashima et al., 1980; Iba et al., 1988) . In fact, we demonstrated that in Ros. denitrificans, the levels of photopigments (bacteriochlorophyll and carotenoids) and mRNA levels of the puf operon encoding the pigment-binding polypeptides, both of the reaction center and light-harvesting complexes I, were very high even at nearly oxygen saturation of the growth culture . In purple nonsulfur bacteria, the photopigment formation and the expression of the puf operon is repressed under high oxygen tension (for reviews, Drews and Golecki, 1995) . These results suggest that the mechanism for regulation by oxygen of the expression of the puf operon and of photopigment formation differs between aerobic photosynthetic bacteria and purple nonsulfur bacteria.
It is now widely accepted that in Rba. capsulatus and Rba. sphaeroides, a "two-component regulatory system" is involved in the signal transduction for the regulation of gene expression (e.g., puf operon) by oxygen tension Kaplan, 1994, 1995; Mosley et al., 1994; . The regulatory system mainly consists of a sensor kinase (RegB or PrrB) and a response regulator (RegA or PrrA), and they are highly homologous between the two bacteria, probably reflecting a very similar response of both bacteria to oxygen tension. Downstream of the two-component regulatory gene cluster are several genes (spb, hvrA, hvrB, orf5, orf318, and ahcY) , presumably involved in the signal transduction of oxygen or light (Buggy et al., 1994a, b; Mizoguchi et al., 1997; Shimada et al., 1996) . These additional genes are not always homologous in both bacteria, probably reflecting minor differences in the response to external environmental changes. Since the effect of oxygen tension on the formation of the photosynthetic apparatus is quite different between aerobic photosynthetic bacteria and purple nonsulfur bacteria as described above, it is anticipated that component(s) or their properties in the signal transduction of Ros. denitrificans differs from those of the purple nonsulfur bacteria. However, little is known about the regulatory components and their properties in Ros. denitrificans.
In this study, we identify the photosynthetic regulatory gene cluster in Ros. denitrificans and reveal that the organization of genes in the cluster is similar to that of Rba. sphaeroides and Rba. capsulatus. Furthermore, we investigate the expression of these genes under various growth conditions and discuss the possible mechanism for regulating the pigmentation and the expression of puf operon in Ros. denitrificans.
An aerobic photosynthetic bacterium Ros. denitrificans (ATCC 33942) was cultured as described previously (Nishimura et al., , 1998 . A genomic library was constructed with BamHI-digested genomic DNAs and screened for prrA of Ros. denitrificans by using a Rba. sphaeroides prrA-specific probe. The preparation of RNA and Northern hybridization analysis was performed by using specific probes for each gene and 16S rRNA as described by Nishimura et al. (1996 Nishimura et al. ( , 1998 .
Ros. denitrificans had homologs of prrA, prrB, and prrC as reported by Matsumoto et al. (1997) . As shown in Table 1 , the identity of PrrAs (RegA) among these three bacteria was about 80%; for PrrBs (RegB), about 60%; and for PrrCs (SenC), about 50%, indicating that these three genes of Ros. denitrificans do not especially differ from the corresponding genes of Rba. sphaeroides and Rba. capsulatus. As with PrrA (or RegA) of Rba. sphaeroides (Eraso and Kaplan, 1994) and Rba. capsulatus (Du et al., 1998) , a putative DNA binding domain, helix-turn-helix, was in the C-terminal region of PrrA of Ros. denitrificans (data not shown, Matsumoto et al., 1997) , suggesting that PrrA of Ros. denitrificans was also a trans-factor.
As in purple nonsulfur bacteria, no distinct oxygenbinding domain or redox-sensing domain was found in PrrB of Ros. denitrificans, suggesting that PrrB of this bacterium did not also directly sense molecular oxygen or the redox state of the environment.
In purple nonsulfur bacteria, other additional regulator genes are in the flanking region downstream of prrA, such as spb and orf318 in Rba. sphaeroides, hvrA and hvrB in Rba. capsulatus, and orf5 and ahcY in both bacteria (Buggy et al., 1994a, b; Mizoguchi et al., 1997; Shimada et al., 1996) . We therefore further analyzed the flanking region downstream of prrA of Ros. denitrificans and determined nucleotide and amino acid sequences of orf5, orf318, and ahcY homologs of Rba. sphaeroides (Mizoguchi et al., 1997) (Fig. 1) .
Orf5 of 195 amino acid residues exhibited 73 and 71% amino acid identity to those in Rba. sphaeroides and Rba. capsulatus, respectively ( Fig. 1; Table 1 ). No potential Shine-Dalgarno sequence was found upstream of orf5 in Ros. denitrificans, as in Rba. sphaeroides (Mizoguchi et al., 1997) . Orf329 of 329 amino acid residues exhibited 55% amino acid identity to Orf318 in Rba. sphaeroides ( Fig. 1; Table 1 ). Orf329 also exhibited 27 and 22% amino acid identities to RfaI and RfaJ of E. coli, respectively, which are involved in the biosynthesis of lipopolysaccharide (Pradel et al., 1992) , as Orf318 of Rba. sphaeroides (Mizoguchi et al., 1997) . Although the structure of lipopolysaccharide moiety of Ros. denitrificans has not been reported, Orf329 is possibly responsible for the biosynthesis of lipopolysaccharide or involved in the transcriptional regulation of photosynthesis genes, since the orf318 is found in the regulatory gene cluster of Rba. sphaeroides. The potential Shine-Dalgarno sequence upstream of orf329 is underlined in Fig. 1 .
AhcY of 462 amino acid residues exhibited 84% amino acid identity to AchYs in Rba. sphaeroides and Rba. capsulatus ( Fig. 1; Table 1 ). ahcY, which encodes S-adenosyl-L-homocysteine hydrolase, is thought to be involved in the regulation of bacteriochlorophyll biosynthesis . The putative NAD ϩ -binding domain (Fig. 1 , boxed amino acids) was highly conserved among these bacteria (data not shown). The potential Shine-Dalgarno sequence upstream of ahcY is underlined in Fig. 1 . As shown in Table 1 , the identities of Orf5 and AhcY among the three bacteria are 71-74% and 84-92%, respectively, indicating that these genes of Ros. denitrificans do not especially differ from the corresponding genes of the other two bacteria.
The organization of the regulatory gene cluster of Ros. denitrificans, prrB-prrC-prrA-orf5-orf329-ahcY was somewhat simpler than that of the purple nonsulfur bacteria because spb, hvrA, and hvrB are lacking in Ros. denitrificans ( Fig. 2A) . Moreover, in the region upstream of ahcY were s 70 -type promoter sequence and photopigment-like palindrome sequence (TGTGT-N 6-10 -ACACA) (Fig. 2B) , instead of 26 bp-dyad sequence in the region upstream of ahcY in Rba. capsulatus (Buggy et al., 1994a) .
As shown in Fig. 3 , prrA, prrB, and prrC were constitutively transcribed under semiaerobic darkness and light, and aerobic light conditions as in Rba. sphaeroides (Mizoguchi et al., 1997) , although the mRNA levels of prrB were very low. By using the prrAand prrC-specific probes, a similar size of transcripts (1.1 and 1.2 kb) was detected. In the prrCA-specific probe, the 1.2 kb transcript was also detected (data not shown). Since the predicted transcripts of prrA and prrC are 0.6 kb and 0.5 kb, respectively, prrA and prrC may be transcribed polycistronically.
orf5, orf329, and ahcY were also constitutively transcribed under all the conditions tested as in Rba. sphaeroides (Mizoguchi et al., 1997) , although the mRNA level of orf5 was very low (Fig. 3) . Two species of orf329 transcripts were detected, and the longer one (1.1 kb) was close to the predicted 1.0 kb of orf329. Two species of transcript of ahcY also were detected, and the longer one (1.5 kb) was close to the predicted 1.4 kb of ahcY. The shorter transcripts may be caused by exo-or endonuclease digestion of the 1.5-kb transcript.
In Rba. capsulatus, the light-responding expression of both orf5 and ahcY is thought to be regulated by the binding of HvrB to a 26-bp dyad symmetry region between orf5 and ahcY (Buggy et al., 1994a) . By contrast, in the region upstream of ahcY in Ros. denitrificans, as described above, were s 70 -type promoter sequence and a photopigment-like palindrome sequence instead of the 26-bp dyad sequence in Rba. capsulatus (Buggy et al., 1994a) (Fig. 2B) . Since no hvrB gene existed in the flanking region of the orf5 gene of Ros. denitrificans, it is possible that another transcriptional factor binds to this promoter region in Ros. denitrificans.
The presence of PrrA and PrrB and their constitutive expression (Figs. 2 and 3) , the oxygen-insensitive transcription of the puf operon , the absence of a distinct oxygen-sensor domain in PrrBs (Matsumoto et al., 1997 ; this study), the putative DNA-binding activity of PrrA as an anaerobic activator for the puf and puc operons (Du et al., 1998) , and the difference of the promoter region of the puf operon (Liebetantz et al., 1991; Zhu et al., 1986) all are clues to characterize and to elucidate the mechanism for the oxygen-insensitive expression of the puf operon in Ros. denitrificans. The cognate PrrBs/PrrAs/ PrrCs is common among these bacteria, whereas the primary oxygen-sensor (or redox-sensor) of Ros. denitrificans, if any, may have a quite different affinity to molecular oxygen or the redox state of the environment from those of the latter two bacteria. Alterna- tively, direct evidence for or against involvement of PrrB/PrrA in the oxygen insensitivity may be found by the analysis of PrrA-or PrrB-mutant of Ros. denitrificans. For example, it is possible that PrrA of Ros. denitrificans is always bound to a promoter region of the puf operon, resulting in the constitutive expression of the puf operon at any oxygen tension, as in a PrrAmutant of Rba. capsulatus (Du et al., 1998) . Lane 1, aerobic (oxygen tension, 78% saturation) dark condition; Lane 2, semiaerobic (oxygen tension, 2% saturation) dark; Lane 3, semiaerobic (2.5ϫ10 6 erg/cm 2 · s) light. Twenty micrograms of total RNA for mRNAs of prrA, prrC, and ahcY, 30 mg for prrB, orf5, and orf329, and 1 mg for 16S rRNA were loaded in each lane. Arrows on the right side indicate the size of transcripts. Analyses of the hybridization were performed in triplicated independent experiments.
